SEMICONDUCTOR LIGHT EMITTING DEVICE HAVING QUANTUM WELL 
LAYER SANDWICHED BETWEEN CARRIER CONFINEMENT LAYERS 

CROSS REFERENCE TO RELATED APPLICATION 

This application is based on and claims priorities of Japanese 
Patent Application No. 2001-150610 filed on May 21, 2001 and Japanese Patent 
Application No. 2002-308171 filed on October 23, 2002, the entire contents of 
which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

A) FIELD OF THE INVENTION 

The present invention relates to a semiconductor light emitting 
device, and more particularly to a semiconductor light emitting device which is 
suitable for light emission in the wavelength band providing a high reception 
sensitivity of a photodiode using silicon and is capable of both increasing a light 
emission output and raising a cutoff frequency. 

B) DESCRIPTION OF THE RELATED ART 

A double-hetero type light emitting diode having a Zn doped GaAs 
layer sandwiched between AIGaAs layers is known as a device for outputting 
light in the infrared band (infrared band from a wavelength of 92 nm to a shorter 
wavelength) providing a high reception sensitivity of a photodiode using silicon. 
If the Zn concentration of a GaAs layer is increased, the cutoff frequency of a 
light emitting diode can be raised. However, if the Zn concentration is increased, 
a light emission output lowers considerably. 
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SUMMARY OF THE INVENTION 

An object of this invention is to provide a semiconductor light 
emitting device which is suitable for light emission in the infrared wavelength 
band providing a high reception sensitivity of a photodiode using silicon and is 
5 capable of raising a cutoff frequency without lowering a light emission output. 

According to one aspect of the present invention, there is provided 
a semiconductor light emitting device comprising: a support substrate made of a 
first semiconductor material; a light emitting lamination structure disposed on the 
support substrate, the light emitting lamination structure comprising a quantum 

1 0 well layer made of a second semiconductor material, a pair of carrier confinement 
layers made of a third semiconductor material having a band gap wider than a 
band gap of the second semiconductor material and sandwiching the quantum 
well layer, and a pair of clad layers made of a fourth semiconductor material 
having a band gap wider than the band gap of the third semiconductor material 

1 5 and sandwiching layers comprising the quantum well layer and the pair of carrier 
confinement layers, wherein the second and third semiconductor materials and a 
thickness of the quantum well layer satisfy a condition that a difference of 100 
meV or larger exists between an energy level of the carrier confinement layers at 
a conduction band lower end and a ground level of an electron in the quantum 

20 well layer; and electrodes for injecting carriers into the light emitting lamination 
structure. 

A difference between an energy level of the carrier confinement 
layers at a conduction band lower end and a ground level of an electron in the 
quantum well layer is set to 100 meV or higher. It is therefore possible to 
25 prevent radiative recombination in the carrier confinement layers and raise a 



2 



cutoff frequency. 

According to another aspect of the present invention, there is 
provided a semiconductor light emitting device comprising: a support substrate 
made of a first semiconductor material; a light emitting lamination structure 
5 disposed on the support substrate, the light emitting lamination structure 
comprising a quantum well layer made of a second semiconductor material, a 
pair of carrier confinement layers made of a third semiconductor material having 
a band gap wider than a band gap of the second semiconductor material and 
sandwiching the quantum well layer, and a pair of clad layers made of a fourth 
0 semiconductor material having a band gap wider than the band gap of the third 
semiconductor material and sandwiching layers comprising the quantum well 
layer and the pair of carrier confinement layers, wherein the second and third 
semiconductor materials and thicknesses of the quantum well layer and the 
carrier confinement layers satisfy a condition that light emission recombination of 
5 electrons and holes occurs in the quantum well layer and light emission 
recombination does not occur in the carrier confinement layers when current 
flows through the light emitting lamination structure; and electrodes for injecting 
carriers into the light emitting lamination structure. 

A cutoff frequency can be raised by preventing radiative 
0 recombination in the carrier confinement layers. 

According to another aspect of the present invention, there is 
provided a semiconductor light emitting device comprising: a support substrate 
made of group lll-V compound semiconductor and having a principal surface that 
is a (100) plane or a crystalline plane having an inclination angle of 2° or smaller 
> from the (100) plane; a light emitting lamination structure disposed on the 



principal surface of the support substrate, the light emitting lamination structure 
comprising a quantum well layer made of group lll-V mixed crystal semiconductor 
containing In, a pair of carrier confinement layers made of semiconductor 
material having a band gap wider than the quantum well layer and sandwiching 
the quantum well layer, and a pair of clad layers made of semiconductor material 
having a band gap wider than the carrier confinement layers and sandwiching 
layers comprising the quantum well layer and the pair of carrier confinement 
layers, wherein materials of the quantum well layer and the carrier confinement 
layers and a thickness of the quantum well layer satisfy a condition that a 
difference of 100 meV or larger exists between an energy level of the carrier 
confinement layers at a conduction band lower end and a ground level of an 
electron in the quantum well layer; and electrodes for injecting carriers into the 
light emitting lamination structure. 

By using such a support substrate, the quality of each layer to be 
formed on the support substrate can be improved and a cutoff frequency can be 
raised without lowering a light emission output. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic cross sectional view of a semiconductor light 
emitting device according to a first embodiment of the invention. 

Figs. 2A and 2B are cross sectional views illustrating a method of 
manufacturing a support substrate of a semiconductor light emitting device of the 
first embodiment. 

Fig. 3 is an energy band diagram of a lamination structure of a 
semiconductor light emitting device of the first embodiment on the conduction 



band side, the lamination structure comprising layers from a lower clad layer to 
an upper clad layer. 

Fig. 4 is a graph showing the relation between an energy difference 
AEb and a cutoff frequency of semiconductor light emitting devices of the first 
embodiment. 

Fig. 5 is a graph showing light emission spectra of various samples 
having different Al composition ratios of carrier confinement layers of 
semiconductor light emitting devices of the first embodiment. 

Fig. 6 is a graph showing the relation between a thickness of a 
strain quantum well layer and a cutoff frequency of semiconductor light emitting 
devices of the first embodiment. 

Fig. 7 is a graph showing the relation between a thickness of a 
strain quantum well layer andan emission light wavelength of semiconductor light 
emitting devices of the first embodiment. 

Fig. 8 is a graph showing the relation between a cutoff frequency 
and an energy difference AEb of a semiconductor light emitting device of the first 
embodiment. 

Fig. 9 is a graph showing the relation between a bias current and a 
cutoff frequency of semiconductor light emitting devices of the first embodiment, 
using as a parameter an Al composition ratio of a carrier confinement layer. 

Fig. 10 is a graph showing the relation between a bias current and 
a normalized light output of semiconductor light emitting devices of the first 
embodiment, compared to a normalized differential quantum efficiency and using 
as a parameter an Al composition ratio of a carrier confinement layer. 

Fig. 1 1 is a graph showing the relation between a bias current and 



a cutoff frequency of semiconductor light emitting devices of the first embodiment, 
using as a parameter a thickness of each carrier confinement layer. 

Fig. 12 is a graph showing the relation between a bias current and 
a cutoff frequency of semiconductor light emitting devices of the first embodiment, 
5 using as a parameter the number of quantum wells. 

Fig. 13 is a graph showing a distribution of a cutoff frequency and a 
light emission output of semiconductor light emitting devices of the first 
embodiment and conventional semiconductor light emitting devices. 

Fig. 14 is a cross sectional view of a sample manufactured 
1 0 according to a second embodiment. 

Fig. 15 is a graph showing the relation between a growth 
temperature and a half band width of a satellite peak of a X-ray rocking curve, 
respectively of each sample lamination structure manufactured according to the 
second embodiment. 
1 5 Figs. 16A and 16B are graphs showing X-ray rocking curves of 

sample lamination structures manufactured according to the second embodiment. 

Fig. 17 is a cross sectional view of a sample manufactured 
according to a third embodiment. 

Fig. 18 is a table showing an In composition ratio and a thickness of 
20 an InGaAs strain quantum well layer and a plane of a principal surface, 
respectively of samples manufactured according to the third embodiment. 

Fig. 1 9 is a graph showing PL spectra of the samples A to F of the 
third embodiment. 

Fig. 20 is a graph showing PL spectra of the samples G to L of the 
25 third embodiment. 
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Fig. 21 is a cross sectional view of a sample manufactured 
according to a fourth embodiment 

Fig. 22 is a table showing a plane of a principal surface of the 
substrate of each sample manufactured according to the fourth embodiment, an 
5 In composition ratio and a thickness of a strain quantum well layer, an EL 
intensity, a half band width of an EL spectrum and a cutoff frequency. 

Fig. 23 is a graph showing normalized EL spectra of the samples 
manufactured according to the fourth embodiment. 

Fig. 24 is a graph showing the relation between an In composition 
1 0 ratio and a cutoff frequency of strain quantum wells. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 is a cross sectional view of a semiconductor light emitting 
device according to the first embodiment of the invention. A support substrate 4 

1 5 is made of a high concentration layer 2 and a low concentration layer 3. The 
support substrate 4 is made of Zn doped p-type Alo.2eGao.74As. The Zn 
concentration of the high concentration layer 2 is 1 x 10 18 crrf 3 and the Zn 
concentration of the low concentration layer 3 is 5 x 1 0 17 cnrf 3 . A thickness of the 
high concentration layer 2 is 40 pm and a thickness of the low concentration layer 

20 3 is 110 pm. 

On the surface of the low concentration layer 3, layers from an 
AIGaAs buffer layer 5 to a GaAs contact layer 12 are formed by metal organic 
chemical vapor deposition (MOCVD). The buffer layer 5 is made of Zn doped p- 
type Alo.2eGao.74As and has a thickness of 0.2 pm and a Zn concentration of 1 x 
25 10 18 cm" 3 . 
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A lower clad layer 6 is made of Zn doped p-type Alo.32Gao.6sAs and 
has a thickness of 0.5 pm and a Zn concentration of 1 x 10 18 crrf 3 . A lower 
carrier confinement layer (lower CCL layer) 7 is made of intentionally undoped 
Alo.i8Gao.82As and has a thickness of 2 to 190 nm. A background concentration 
5 of the lower CCL layer 7 is 5 x 10 16 to 1 x 10 17 cm" 3 . 

A strain quantum well layer 8 is made of InGaAs and has a 
thickness of 2.4 to 15 nm and an In composition ratio of 0.12 to 0.25. An upper 
carrier confinement layer 9 is made of intentionally undoped Alo.1sGao.82As and 
has a thickness of 2 to 190 nm. A background concentration of the upper carrier 
10 confinement layer 9 is 5 x 10 16 to 1 x 10 17 cm" 3 . An upper clad layer 10 is made 
of Si doped n-type Alo.32Gao.6sAs and has a thickness of 5.5 pm and an Si 
concentration of 1 x 10 18 cnrf 3 . 

A current diffusion layer 1 1 is made of Si doped n-type 
Alo.1sGao.82As and has a thickness of 4.5 pm and an Si concentration of 1 x 
1 5 10 18 cm" 3 . A contact layer 12 is made of Si doped n-type GaAs and has a 
thickness of 0.1 pm and an Si concentration of 2 x 10 18 cm" 3 . 

On the contact layer 12, an Ni layer, a Ge layer and an Au layer are 
stacked in this order from the bottom to form an n-side electrode 1 5. The n-side 
electrode 1 5 is formed by a lift-off method to have, for example, an X-character 
20 plan shape. On the surface of the high concentration layer 2 partially 

constituting the support layer 4, an Au layer and an AuZn alloy layer are stacked 
in this order from the support layer 4 side to form a p-side electrode 16. The p- 
side electrode 16 is formed by a lift-off method to have, for example, a 
honeycomb shape. 

25 Next, with reference to Fig. 2, description will be made on a method 



of manufacturing the underlying substrate 4 used with the semiconductor light 
emitting device of the first embodiment. 

A temporary substrate 1 made of GaAs shown in Fig. 2A is 
prepared. The principal surface of the temporary substrate 1 has the GaAs 
(1 00) plane. The temporary substrate 1 is doped with Zn to have a p-type 
conductivity whose concentration is 2 x 10 19 cm" 3 to 5 x 10 19 cm" 3 . 

On the principal surface of the temporary substrate 1 , the high 
concentration layer 2 and low concentration layer 3 are sequentially grown by 
liquid phase epitaxial growth (LPE), the high concentration layer 2 and low 
concentration layer 3 being made of Alo.2sGao.74As and having a thickness of 40 
urn and 1 50 urn, respectively. These two layers constitute the support substrate 
4. A temperature difference method and a slow cooling method are mainly used 
as LPE. In this embodiment, the temperature difference method was adopted. 
By adopting the temperature difference method, the Al composition ratio of the 
support substrate 4 can be made generally uniform. For example, a slide boat 
type may be used as the growth system. During the growth, Zn is doped into 
the high and low concentration layers 2 and 3 to set the Zn concentration to 1 x 
10 18 cm" 3 and 5 x 10 17 cm" 3 , respectively. 

Solution used for the growth is GaAs, Al and Zn dissolved in Ga 
solvent. The temperature gradient in the vertical direction of the growth solution 
filled in a melting vessel is about 5 °C/cm, and the temperature of the growth 
solution in the lower region in contact with a seed crystal is 830 to 850 °C. The 
temperature and temperature gradient of the growth solution in the lower region 
are maintained generally constant during the growth. 

Processes up to the state shown in Fig. 2B will be described. The 



GaAs temporary substrate 1 shown in Fig. 2A is etched and removed. Only the 
support substrate 4 is therefore left. The GaAs temporary substrate 1 can be 
etched by using etchant of a mixture of aqueous ammonia and aqueous 
hydrogen peroxide at a volume ratio of 1 :20. A concentration of aqueous 
5 ammonia is 28 wt.% and that of aqueous hydrogen peroxide is 31 wt.%. 

Next, the surface of the low concentration layer 3 is ground to 
mitigate an irregular surface. In addition, the ground surface is polished to 
remove process damages and a final process is performed by chemical 
mechanical polishing (CMP). Generally, a semiconductor layer grown by the 

1 0 temperature difference method has worse surface planarization than a 

semiconductor layer grown by the slow cooling method. By performing CMP as 
the final process, the surface planarization can be improved. With the 
processes described above, the support substrate 4 can be obtained. 

A forward bias is applied between the n- and p-side electrodes 15 

1 5 and 16 to inject carriers into the strain quantum well layer 8 so that light emission 
in the infrared band (wavelength from 800 to 920 nm) is possible. 

In the semiconductor light emitting device of the first embodiment, 
the support substrate 4 of AIGaAs is used as a substrate having'a physical 
support force and as a seed crystal for MOCVD. Since GaAs is not used as the 

20 material of the substrate, light can be emitted not only from the contact layer 12 
side shown in Fig. 1 but also from the support substrate 4 side. The contact 
layer 12 made of GaAs does not obstruct light pick-up because it is removed by 
acid treatment of a later chip dicing process. Removing the temporary substrate 
1 is particularly effective if the wavelength at which a peak of the light emission 

25 spectrum of the strain quantum well layer 8 is shorter than the wavelength 
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corresponding to the band gap of the semiconductor material of the temporary 
substrate 1. 

The lower carrier confinement layer 7, strain quantum well layer 8 
and upper carrier confinement layer 9 are formed by MOCVD. Uniformity of film 
5 thicknesses can therefore be improved and a higher light emission efficiency can 
be realized, as compared to that these layers are formed by LPE. Instead of 
MOCVD, molecular beam epitaxy (MBE) growth may be used. 

Next, description will be made on the preferable conditions for 
improving the light emission intensity and operation speed of a semiconductor 
1 0 light emitting device of the first embodiment. 

Fig. 3 is an energy band diagram on the conduction band side of 
the lamination from the lower clad layer 6 to the upper clad layer 10. A 
thickness of the strain quantum well layer 8 is represented by Lz, a ground level 
of an electron in the strain quantum well layer 8 is represented by Eei, an energy 
1 5 difference between a level at the conductive band lower end of the strain 

quantum well layer 8 and the electron ground level Eei is represented by AEei, 
an energy difference between a level at the conductive band lower end of the 
lower and upper carrier confinement layers 7 and 9 and the electron ground level 
Eei is represented by AEb, and an energy difference between a level at the 
20 conductive band lower end of the lower and upper carrier confinement layers 7 
and 9 and a level at the conductive band lower end of the strain quantum well 
layer 8 is represented by AEc. 

Electrons injected from the upper clad layer 10 into the upper 
carrier confinement layer 9 are confined in the three layers from the lower carrier 
25 confinement layer 7 to the upper carrier confinement layer 9, because of the 



11 



existence of a potential barrier B 1 at the interface between the lower clad layer 6 
and lower carrier confinement layer 7 and a potential barrier B 2 at the interface 
between the upper clad layer 10 and upper carrier confinement layer 9. Light 
emissioh occurs when the confined electrons are captured by the ground level 
5 Eei of electrons in the strain quantum well layer 8 and recombined with holes in 
the valence band. 

If the band gap of the carrier confinement layers 7 and 9 is made 
narrow to make small the energy difference AEb, light emission due to 
recombination of electrons and holes occurs even in the carrier confinement 

1 0 layers 7 and 9. This light emission has a slower response speed than light 
emission in the strain quantum well layer 8. In order to improve the response 
speed of the semiconductor light emitting device, it is necessary to suppress the 
light emission in the carrier confinement layers 7 and 9. 

If the band gap of the carrier confinement layers 7 and 9 is made 

1 5 broad to make large the energy difference AEb, the potential barriers B^ and B 2 
are lowered. The electron confinement effects are therefore reduced. It can 
therefore be considered that the energy difference AEb greatly influences the 
light emission efficiency and the response speed. 

In the following, description will be made on how the energy 

20 difference AEb (=AEc - AEeO is calculated. An energy difference between a 
level at the conduction band lower end of the strain quantum well layer 8 and an 
n-th order level Ee n in the strain quantum well layer 8 is represented by AEe n , an 
effective mass of an electron in the strain quantum well layer 8 is represented by 
mei*, an effective mass of an electron in the carrier confinement layers 7 and 9 is 

25 represented by me 2 * and the Planck's constant is represented by h. With these 
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definitions, the following equations (1) are satisfied if the order n is odd. These 
equations are satisfied on the assumption that the carrier confinement layers 7 
and 9 are sufficiently thick as compared to a penetration depth (about several nm, 
although it depends upon the well structure) of wave function of electrons into the 
5 carrier confinement layers 7 and 8. 

(aLz/2)tan(aLz/2) = (SLz/2)(mei*/me 2 *) 

a 2 = 2(me 1 *)AEe n /(h/2TT) 2 

B 2 = 2(me 2 *)(AEc - AEe n )/(h/2Tr) 2 ... (1) 

A band gap Egi of lni_ x Ga x As is generally given by the following 

1 0 equation (2): 

Egi = 1 .422 - 1 .53 (1 - x) + 0.45 (1 - x) 2 ... (2) 

The effective mass mei* of an electron in the conduction band is 
given by the following equation (3): 

mei*/me 0 = 0.0225 (1 - x) + 0.0665x ... (3) 
1 5 where me 0 is rest mass of a free electron. The equation (2) is derived without 
considering the strain amount of the strain quantum well layer 8. 

If strain is applied to the InGaAs well layer, the energy gap changes. 
This change amount AEgi is given by: 

AEgi = [-2a(Cn - C 12 )/Cn + b(Cn + 2C 12 )/Cn]£ ... (4) 
20 where a and b are a strain potential, Cn and Ci 2 are an elastic stiffness constant, 
s is an elastic strain to be caused by lattice mismatch between the well layer and 
carrier confinement layer. The elastic strain £ is given by: 

£ = (Aw-Ab)/Ab ... (5) 

where Aw is a lattice constant of In^GaxAs, and Ab is a lattice constant of 
25 Al z Gai- z As. The lattice constants Aw and Ab, strain potentials a and b and elastic 
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stiffness constants Cn and C12 are given by the following equations (6): 
Aw = 0.56533X + 0.60584(1 - x) [nm] 
Ab = 0.56533(1 - z) + 0.01 5z [nm] 
a = -5.8(1 - x) - 9.8 x [eV] 
5 b = -1.8(1 -x)- 1.76x [eV] 

C11 = 0.833(1 - x) + 1.1 88x [x 10 12 dyn/cm 2 ] 
C12 = 0.432(1 - x) + 0.532x [x 10 12 dyn/cm 2 ] 

... (6) 

The above equations (2), (3) and (6) are described in J. Appl. Phys. 
1 0 76(3), 1 August 1 994, p. 1 609-1 61 6 by K.A. Jones. 

The band gap Eg 2 of AlzGa^zAs is given by the following equation 

(7): 

Eg 2 = 1.425+ 1.444z ...(7) 
The effective mass me 2 * of an electron in the conduction band is 
1 5 given by the following equation (8): 

me 2 */me 0 = 0.0665 (1 - z) + 0.1 5z ... (8) 
The above equations (7) and (8) are described in J. Appl. Phys. 
75(10), 15 May 1994, p. 4779-4842 by Lorenzo Pavesi. 

If the carrier confinement layers 7 and 9 are made of AIGaAs and 
20 the strain quantum well layer 8 is made of InGaAs, the band gap difference AEg 
is Eg 2 - (Eg! + AEgO and the energy difference AEc is given by the following 
approximate equation (9): 

AEc=0.57AEg ...(9) 
If the carrier confinement layers 7 and 9 are made of GaAs and the 
25 strain quantum well layer 8 is made of InGaAs, the energy difference AEc is 
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given by the following approximate equation (10): 

AEc = 0.62AEg .(10) 
The above equations (9) and (10) are described in J. Appl. Phys. 
73(8), 15 April 1993, p. 3820-3826 by M. Maier. 

If the carrier confinement layers 7 and 9 are made of AIGaAs and 
the strain quantum well layer 8 is made of GaAs, the energy difference AEc is 
given by the following approximate equation (11): 

AEc = 0.62AEg -(11) 
Semiconductor light emitting devices shown in Fig. 1 were 
manufactured by using various combinations of the In composition ratio (1 - x) 
and Al composition ratio z. The energy difference AEb of each semiconductor 
light emitting device was calculated and the cutoff frequency was measured. 
The energy difference AEb can be calculated from the equation (1) and the 
equation of AEb = AEc - AEei . The cutoff frequency was measured by the 
following method. 

AC current of 10 mA superposed upon forward DC current of 50 
mA is flowed through the semiconductor light emitting device. The cutoff 
frequency fc is defined as a frequency of AC current at which the amplitude of an 
light output lowers by -3 dB from the amplitude of a light output at an AC current 
frequency f 0 , where f 0 = (1/100)fc. 

Fig. 4 shows the relation between an energy difference AEb and a 
cutoff frequency. The abscissa represents the cutoff frequency in the unit of 
"MHz" and the ordinate represents the energy difference AEb in the unit of "meV". 
In Fig. 4, rhomboid, circle and triangle symbols represent the strain quantum well 
layers 8 having thicknesses of 3 nm, 5 nm and 15 nm, respectively. 
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As the energy difference AEb becomes small, the cutoff frequency 
lowers. In the case of the strain quantum well layer 8 having the thickness of 5 
nm among others, the gradient of the graph changes at the point where the 
energy difference AEb is 1 00 meV. In the case of both the strain quantum well 
5 layers having the thicknesses of 3 nm and 1 5 nm, there is the tendency that the 
gradient of the graph changes at the point where the energy difference AEb is 
100 meV. 

In each of the semiconductor light emitting devices, at the energy 
difference AEb of 100 meV or smaller, the cutoff frequency tends to lower more 
1 0 quickly. This may be ascribed to that recombination of electrons and holes 
starts in the carrier confinement layers 7 and 9 because of the small energy 
difference AEb. 

Fig. 5 shows light emission spectra of various samples having 
different Al composition ratios z of the carrier confinement layers (AI 2 Gai- z As) 7 
1 5 and 9. The abscissa represents an emission light wavelength in the unit of "nm" 
and the ordinate represents a normalized light emission intensity. The 
normalized light emission intensity "1" corresponds to the largest light emission 
intensity. In Fig. 5, curves a to d are light emission spectra corresponding to the 
Al composition ratios of 0.09, 0.13, 0.18 and 0.26, respectively. The strain 
20 quantum well layer 8 of each sample has an In composition ratio of 0.12 and a 
thickness of 5 nm. The Al composition ratio of the current diffusion layer 1 1 is 
set to 0.32 so that light emission is not absorbed in the current diffusion layer 1 1 . 

As the Al composition ratio z of the carrier confinement layers 7 and 
9 becomes small, the energy difference AEb becomes small and the light 
2 5 emission wavelength shifts to the longer wavelength side. The energy 
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differences AEb of the samples a to d are 80 meV, 107 meV, 143 meV and 202 

meV, respectively. 

Sub-peaks are observed neat at the wavelength of 800 nm of the 
curve a and near at the wavelength of 770 nm of the curve b. The sub-peaks 
5 observed on the shorter wavelength side than the main peaks means light 
emission in the carrier confinement layers 7 and 9. As the energy difference 
AEb becomes large, sub-peaks cannot be observed. Therefore, in order to 
obtain a high cutoff frequency, it is preferable that the energy difference AEb is 
set to 1 00 meV or higher. If the energy difference AEb is set to 1 1 0 meV, it is 
1 0 possible to manufacture the semiconductor light emitting device having a high 
cutoff frequency without a sub-peak. As indicated by the equations (1), the 
energy difference AEb can be identified approximately from the thickness of the 
strain quantum well layer 8 and the semiconductor materials of the strain 
quantum well layer 8 and carrier confinement layers 7 and 9. 
<! 5 Fig. 6 is a graph showing the relation between a thickness and a 

cutoff frequency of the strain quantum well layer 8, as compared to the energy 
difference AEb. The abscissa represents a thickness of the strain quantum well 
layer 8 in the unit of "nm", the left ordinate represents a cutoff frequency in the 
unit of "MHz" and the right ordinate represents an energy difference AEb in the 
20 unit of "meV". Evaluated samples had 5 nm, 10 nm and 15 nm as the 

thicknesses of the strain quantum well layer 8. The strain quantum well layer 8 
of each sample has the In composition ratio of 0.12, and the carrier confinement 
layers 7 and 9 of each sample have the Al composition ratio of 0.18. 

A square symbol in Fig. 6 indicates the energy difference AEb. 
2 5 Triangle and rhomboid symbols indicate cutoff frequencies at bias current values 



17 



of 100 mA and 50 mA, respectively. Each sample has a square shape having 
one side length of 300 urn. 

As the strain quantum well layer 8 is made thick, the cutoff 
frequency lowers even if the energy difference AEb is large. For example, in 
5 order to realize a communication speed of 100 Mbps in the NRZ communication 
system, it is required to set the cutoff frequency to about 70 MHz or higher. If 
the thickness of the strain quantum well layer 8 is 15 nm or thinner, the cutoff 
frequency can be set to 70 MHz or higher by flowing a bias current of 100 mA. 

Fig. 7 is a graph showing the relation between a thickness and an 
1 0 emission light wavelength of strain quantum well layers 8, using as a parameter 
five In composition ratios (1 - x) of the strain quantum well layers 8. The 
abscissa represents a thickness of the strain quantum well layer 8 in the unit of 
"nm" and the ordinate represents an emission light wavelength in the unit of "nm". 
Numerical values appended to solid lines in Fig. 7 represent the In composition 
1 5 ratio. The Al composition ratio of the carrier confinement layers 7 and 9 is 0. 1 8. 

It can be seen from the graph that as the In composition ratio of the 
strain quantum well layer 8 is made larger, the emission light wavelength 
becomes long and that as the strain quantum well layer 8 is made thick, the 
emission light wavelength becomes long. In order to receive light with a 
20 photodiode using silicon, it is preferable to set the emission light wavelength in a 
range from 800 nm to 920 nm. In order to make the In composition ratio of the 
strain quantum well layer 8 larger than 0.25 and set the emission light wavelength 
in a range from 800 nm to 920 nm, it is necessary to make the strain quantum 
well layer 8 thinner than about 3 nm. Such thin semiconductor light emitting 
2 5 devices are difficult to be manufactured with good reproductivity. If the In 
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composition ratio is large, the gradient of the curve is steep in the emission light 
wavelength range from 800 to 920 nm. Therefore, even a small variation in the 
thickness of the strain quantum well layer 8 changes the emission light 
wavelength greatly. It is therefore preferable that the In composition ratio of 
5 the strain quantum well layer 8 is set to 0.25 or smaller. 

As the In composition ratio is made small, light emission at a 
wavelength of 800 nm to 920 nm can be expected even if the strain quantum well 
layer 8 is made comparatively thick. However, as described with reference to 
Fig. 6, as the strain quantum well layer 8 is made thick and the In composition 
1 0 ratio is made small, the cutoff frequency lowers. 

Fig. 8 shows the relation between a cutoff frequency and an energy 
difference AEb. The abscissa represents a cutoff frequency in the unit of "MHz" 
and the ordinate represents an energy difference AEb in the unit of "meV". A 
rhomboid symbol in Fig. 8 corresponds to the semiconductor light emitting device 

1 5 using the strain quantum well layer 8 having the In composition ratio of 0.12, and 

a square symbol corresponds to the semiconductor light emitting device using a 
GaAs well layer. As seen from the graph, as the energy difference AEb 
increases, the cutoff frequency of the semiconductor light emitting device using 
the InGaAs strain quantum well layer becomes high. A higher cutoff frequency 
20 is obtained by using InGaAs than by using GaAs as the material of the quantum 
well layer. In order to maintain high the cutoff frequency, it is therefore 
preferable to use lni. x Ga x As (0 < x < 1) as the material of the strain quantum well 
layer 8 and to set the In composition ratio to 0.05 or higher. 

Fig. 9 shows the relation between a cutoff frequency and a bias 

2 5 current of a plurality of samples having different Al composition ratios of the 
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carrier confinement layers 7 and 9. The abscissa represents a bias current in 
the unit of "mA" and the ordinate represents a cutoff frequency in the unit of 
"MHz". Curves a to d in Fig. 9 indicate the cutoff frequencies corresponding to 
the AI composition ratios of 0.09, 0.13, 0.18 and 0.26, respectively. The strain 
5 quantum well layer 8 has the In composition ratio of 0.12 and a thickness of 5 nm. 
At the AI composition ratios of 0.09 and 0.13, the cutoff frequency becomes 
approximately highest near at a bias current of 1 00 mA. Even if the bias current 
is increased more, the cutoff frequency is not raised and saturates. As seen 
from the graph, as the AI composition ratio is set larger than 0.13, the cutoff 
1 0 frequency is hard to be saturated when the bias current is increased. If the bias 
current is set to 40 mA or larger, a cutoff frequency of 70 MHz or higher can be 
obtained under the condition of the AI composition ratio of 0.13 or larger. 

Fig. 10 shows the relation between a bias current and a light 
emission output of a plurality of samples having different AI composition ratios of 

1 5 the carrier confinement layers 7 and 9, as compared to a normalized differential 

quantum efficiency. The abscissa represents a bias current in the unit of "mA", 
the left ordinate represents a light emission output in the unit of "mW" and the 
right ordinate represents a normalized differential quantum efficiency. The 
differential quantum efficiency means a gradient of a straight line interconnecting 
20 adjacent measurement points of each curve representative of the relation 
between the bias current (I) and light emission output (p). The differential 
quantum efficiency is calculated from the following equation (12): 

(dp/dI) n = (Pn-Pn-l)/(ln-ln-l) ... (12) 

where n is an integer from 1 to the number of measurement points. 

2 5 The normalized differential quantum efficiency "1 " corresponds to a 
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maximum differential quantum efficiency. Solid lines a to e in Fig. 10 indicate 
the light emission outputs with the Al composition ratios of the carrier 
confinement layers 7 and 9 being set to 0.09, 0.13, 0.18, 0.26 and 0.32, 
respectively. Broken lines a' to e' indicate the normalized differential quantum 
efficiencies with the Al composition ratios of the carrier confinement layers 7 and 
9 being set to 0.09, 0.13, 0.18, 0.26 and 0.32, respectively. 

As the bias current is increased, the light emission output increases 
and the normalized differential quantum efficiency corresponding to the gradient 
of the light emission output curve lowers. As the Al composition ratio is made 
small, there is a tendency that the light emission output increases, and the 
normalized differential quantum efficiency becomes large. If the Al composition 
ratio is 0.32 same as that of the clad layer, an abrupt reduction of the normalized 
differential quantum efficiency is observed and an increase rate of the light 
emission output is small even if the bias current is made larger than 150 mA. 
This may be ascribed to that the potential barriers Bi and B 2 shown in Fig. 3 
lower and the carrier confinement effects are degraded. 

It can be seen from Fig. 10 that in order to obtain a sufficient light 
emission output, the Al composition ratio of the carrier confinement layers 7 and 
9 is preferable set lower then that of the clad layer. A high cutoff frequency and 
a large light emission output are required for an infrared light emitting device to 
be used by optical communications in order to speed up the communication 
speed and make an available communication distance longer. In order to obtain 
a large light emission output, a communication light emitting device often uses a 
large current of 200 mA or larger which is not used by a visible light LED for 
general illumination. In order to obtain a stable and high normalized differential 
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quantum efficiency even at such a large current, it is preferable to set the Al 
composition ratio smaller than 0.26. In this state, the band gap difference AEg 
is 84 meV between the carrier confinement layers 7 and 9 (Al composition ratio of 
0.26) and the clad layer (Al composition ratio of 0.32). The height of the 
5 potential barriers Bi and B 2 is 55 meV as calculated from AEc = 0.65AEg. 
Namely, it is preferable that the height of the potential barrier between the clad 
layer and carrier confinement layer is set to 55 meV or higher. 

Fig. 1 1 shows the relation between a bias current and a cutoff 
frequency of a plurality of samples having different thicknesses of the carrier 

1 0 confinement layers 7 and 9. The abscissa represents a bias current in the unit 
of "mA" and the ordinate represents a cutoff frequency in the unit of "MHz". 
Curves a to c in Fig. 1 1 correspond to semiconductor light emitting devices 
whose carrier confinement layers 7 and 9 have the thicknesses of 30 nm, 50 nm 
and 120 nm, respectively. As seen from the graph, as the bias current is 

1 5 increased, the cutoff frequency becomes high. However, with the carrier 
confinement layers 7 and 9 having a thickness of 120 nm, the bias current is 
saturated at 100 mA or larger, it is therefore preferable to set the thickness of 
the carrier confinement layers 7 and 9 thinner than 120 nm. In order to present 
sufficient carrier confinement effects, the thickness of the carrier confinement 

20 layers 7 and 9 is preferably set to 10 nm or thicker. 

In the semiconductor light emitting device described above, 
although the number of strain quantum well layers 8 is 1 , two or more strain 
quantum well layers 8 may be used. 

Fig. 12 shows the relation between a bias current and a cutoff 

25 frequency of samples whose number of strain quantum well layers are 1 , 2, 3, 5 
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and 10. The abscissa represents a bias current in the unit of "mA" and the 
ordinate represents a cutoff frequency in the unit of "MHz". The thickness of the 
strain quantum well layer of each sample is 5 nm, and the In composition ratio is 
0.12. The thickness of the carrier confinement layer is 50 nm and the At 
composition ratio is 0.18. If a plurality of strain quantum well layers are used, 
the thickness of the barrier layer disposed between strain quantum well layers is 
1 0 nm and the Al composition ratio is the same as that of the carrier confinement 
layer. The chip size is 400 |jm x 400 |jm. 

It can be seen that the cutoff frequency becomes high as the 
number of strain quantum well layers is reduced. As the bias current is 
increased, the light emission output is saturated at a certain intensity. As the 
number of strain quantum well layers is increased, the saturated value of the light 
emission output can be raised. Therefore, the number of strain quantum well 
layers is selected in terms of necessary cutoff frequency and light emission 
output. The number of strain quantum well layers is preferable set to 1 or 2 in 
order to obtain the cutoff frequency of 70 MHz and achieve the transmission 
speed of 100 Mbps. 

Fig. 13 shows the distribution of cutoff frequencies and light 
emission outputs of conventional light emitting diodes and semiconductor light 
emitting devices (light emitting diodes) of the first embodiment. The abscissa 
represents a cutoff frequency in the unit of "MHz" and the ordinate represents a 
light emission output in the unit of "mW". A circle symbol in Fig. 1 3 corresponds 
to a light emitting diode of the first embodiment, and a triangle symbol 
corresponds to a conventional light emitting diode using Zn doped GaAs as the 
material of the active layer and AIGaAs as the material of the cladding layer. 
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In the case of conventional light emitting diodes, the cutoff 
frequency can be raised by increasing the Zn concentration of the active layer. 
However, as the cutoff frequency is raised, the light emission output lowers. In 
addition, it is difficult to set the cutoff frequency to 60 MHz or higher. In contrast, 
5 in the case of light emitting diodes of the first embodiment, it is possible to set the 
cutoff frequency to 60 MHz or higher, and even if the cutoff frequency is raised, 
the light emission output is not lowered. 

Next, the second embodiment of the invention will be described. 
The cutoff frequency of a semiconductor light emitting device using an InGaAs 

1 0 strain quantum well layer can be improved by increasing, for example, the In 
composition ratio of the strain quantum well layer. It is, however, difficult to 
epitaxially grow an InGaAs strain quantum well layer having a large In 
composition ratio and a good quality on a GaAs substrate having a principal 
surface tilted from the (100) plane. If the In composition ratio is larger than 0.12, 

15 it is difficult to form an InGaAs layer having a good quality. If the In composition 
ratio is larger than 0.18, it is quite difficult to form an InGaAs layer having a good 
quality. In the second to fourth embodiments to be described below, various 
evaluations have been conducted in order to define the conditions of forming an 
InGaAs strain quantum well layer having a good quality. 

20 In the second embodiment, evaluations were conducted for the 

steepness of a composition change at the interface between the InGaAs strain 
quantum well layer and GaAs barrier layer formed on a GaAs substrate. 

Fig. 14 is a cross sectional view of an evaluation sample. The 
principal surface of a GaAs substrate 20 is formed with a GaAs buffer layer 21 of 

25 0.2 pm thick by MOCVD. The surface of the buffer layer 21 is stacked with five 
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cycles of a two-layer structure of an InGaAs strain quantum well layer 22 of 10 
nm thick and a GaAs barrier layer 23 of 20 nm thick. 

A plurality of samples were prepared which were subjected to 
different growth temperatures and had different In composition ratios of the strain 
5 quantum well layers 22 and different crystalline orientations of principal surfaces 
of the GaAs substrates 20. The growth temperature is one of 620 °C, 650 °C 
and 700 °C. The In composition ratio of the strain quantum well layer 22 is 0.12 
or 0.18. The principal surface of the GaAs substrate 20 is one of a (100) just 
plane, a (100) plane 2°, 5° or 10° off to (toward) the (111)A plane and a (100) 

1 0 plane 2° or 5° off to (toward) the (1 1 0) plane. In this specification, the (1 00) just 
plane means the plane having an inclination angle of 0.2 ° or smaller with 
reference to the (100) plane. 

Fig. 15 shows the measurement results of half band widths of 
satellite peaks of X-ray rocking curves corresponding to the (400) plane of the 

1 5 lamination structure of the strain quantum well layer 22 and barrier layer 23 of 
each sample. The abscissa of the graph of Fig. 15 represents a growth 
temperature of the strain quantum well layer 22 and barrier layer 23 in the unit of 
Ho C" and the ordinate represents a half band width in the unit of "arcsec". A 
black square symbol in Fig. 15 corresponds to a sample using a substrate having 

20 the (100) just plane as its principal surface. A black rhomboid symbol, a black 
triangle symbol and a cross symbol correspond to samples using a substrate 
having the (100) plane 2°, 5° and 10° off to the (111)A plane as its principal 
surface, respectively. A white rhomboid symbol and a white triangle symbol 
correspond to a sample using a substrate having the (100) plane 2° and 5° off to 

25 the (110) plane, respectively. The In composition ratio of the strain quantum 
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well layer 22 of each sample is 0.12. A plus symbol corresponds to a sample 
using a substrate which has the (100) just plane as its principal surface and has 
the strain quantum well layer 22 with the In composition ratio of 0.18. 

In the case of the GaAs substrate which has the (100) just plane 
5 and has the strain quantum well layer 22 with the In composition ratio of 0.12, the 
half band width is 120 arcsec or narrower irrespective of the growth temperature, 
and a lamination structure having a high crystalline quality can be obtained. As 
the inclination angle of the principal surface of the substrate relative to the (100) 
plane becomes large, there is the tendency that the half band width becomes 
1 0 broad. This tendency is definite at the growth temperature of 700 °C. The half 
band width becomes abruptly wide as the inclination angle relative to the (100) 

plane becomes 5° or larger. 

The sample having the strain quantum well layer 22 with the In 
composition rate of 0.1 8 has the half band width greatly wider than that of the 
1 5 sample with the In composition ratio of 0.12. 

Figs. 16A and 16B show X-ray rocking curves of samples formed at 
the growth temperature of 700 °C. Solid lines a, b, c and d correspond to 
samples having as their principal surfaces the (1 00) just plane, the (1 00) plane 2° 
off to the (1 1 1 )A plane, the (1 00) plane 5° off to the (1 1 1 )A plane and the (1 00) 
20 plane 2° off to the (1 1 0) plane, respectively. Each sample shown in Fig. 16A 
has the strain quantum well layer 22 with the In composition ratio of 0.12, and 
each sample shown in Fig. 16B has the strain quantum well layer 22 with the In 
composition ratio of 0.18. 

As shown in Fig. 16A, with the strain quantum well layer 22 having 
25 the In composition ratio of 0.12, four solid lines a to d are scarcely distinguished 
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and all solid lines show clear satellite lines. As shown in Fig. 16B, with the strain 
quantum well layer 22 having the In composition ratio of 0.18, clear satellite 
peaks cannot be observed for the samples using the substrate with the plane 
other than the (100) just plane. 
5 If AIGaAs is used as the material of the clad layer and carrier 

confinement layer of a semiconductor light emitting device, the growth 
temperature suitable for AIGaAs by MOCVD is 700 °C to 750 °C. If the growth 
temperature is set lower than 700 °C, the oxygen concentration at the interface 
between the strain quantum well layer and barrier layer increases and the device 
1 0 performance is degraded. It is therefore not preferable to set the growth 
temperature of the AIGaAs layer lower than 700 °C. 

If the growth temperature of InGaAs is set to 700 °C or higher, as 
seen from the measurement results shown in Fig. 15, it is preferable that the 
(100) just plane or the plane having an inclination angle of 2° or smaller relative 
1 5 to the (100) plane is used as the principal surface of the GaAs substrate. In this 
case, the In composition ratio of the strain quantum well layer is set to 0.12 or 
smaller. 

Next, the third embodiment of the invention will be described. In 
the third embodiment, a plurality of samples were prepared which had the 
20 InGaAs strain quantum well layer formed on the GaAs substrate, and 
photoluminescence (PL) spectra were evaluated. 

Fig. 17 is a cross sectional view of a sample manufactured for the 
third embodiment. The principal surface of a GaAs substrate 30 is formed with 
a GaAs buffer layer 31 of 0.2 urn thick. Stacked on this buffer layer 31 are a 
25 lower clad layer 32, a lower carrier confinement layer 33, a strain quantum well 
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layer 34, an upper carrier confinement layer 35, an upper clad layer 36 and a cap 
layer 37 in this order from the bottom. These layers were formed by MOCVD at 
the growth temperature of 650 °C. 

The lower and upper clad layers 32 and 36 are both made of 
5 Alo.39Gao.6iAs and their thicknesses are 1 pm and 150 nm, respectively. The 
lower and upper carrier confinement layers 33 and 35 are both made of 
Alo.2eGao.74As and their thicknesses are 50 nm. The strain quantum well layer 
34 is made of InGaAs and its composition ratios and thickness change with each 
sample. The cap layer 37 is made of GaAs and has a thickness of 50 nm. 

10 Fig. 18 shows the In composition ratio and thickness of the strain 

quantum well layer and the orientation of the substrate principal surface of each 
of samples A to L manufactured for the third embodiment. 

Figs. 19 and 20 show PL spectra of the samples A to F and PL 
spectra of the samples G to L, respectively. The abscissa represents a 

15 wavelength in the unit of "nm" and the ordinate represents a PL intensity in an 
arbitrary unit. In all samples, light emission is observed corresponding to 
recombination of carriers at the first order quantum level. 

As seen from Figs. 19 and 20, the PL intensity of the samples K 
and L, which use the substrate having as the principal surface the plane inclined 

20 from the (100) plane and have the strain quantum well layer of 10 nm or 15 nm 
thick and an In composition ratio of 0.18, is very weak as compared to the PL 
intensity of the samples E and F having the In composition ratio of 0.12 and the 
same other conditions. Therefore, if the In composition of the strain quantum 
well layer 34 is set larger than 0.12, it is preferable to use the GaAs substrate 

2 5 having the (1 00) just plane. 
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Next, the fourth embodiment of the invention will be described. In 
the fourth embodiment, a plurality of samples (light emitting diodes) were 
prepared which had the InGaAs strain quantum well layer formed on the GaAs 
substrate, and electroluminescence (EL) spectra were evaluated. 
5 Fig. 21 is a cross sectional view of a sample manufactured for the 

fourth embodiment. The principal surface of a GaAs substrate 40 is formed with 
a Zn doped GaAs buffer layer 41 of 0.2 pm thick. Stacked on this buffer layer 
41 are a lower clad layer 42, a lower carrier confinement layer 43, a strain 
quantum well layer 44, an upper carrier confinement layer 45, an upper clad layer 
1 0 46, a current diffusion layer 47 and a contact layer 48 in this order from the 

bottom. These layers were formed by MOCVD at the growth temperature of 700 
°C. 

The lower clad layers 42 is made of Zn doped Alo.39Gao.6i As and its 
thickness is 1 pm. The lower and upper carrier confinement layers 43 and 45 

1 5 are both made of AIo.2eGao.74As and their thicknesses are 50 nm. The strain 
quantum well layer 44 is made of InGaAs and its composition ratios and 
thickness change with each sample. The upper clad layer 46 is made of Si 
doped Alo.39Gao.6iAs and its thickness is 1 pm. The current diffusion layer 47 is 
made of Si doped AI 0 .i8Ga 0 .82As and its thickness is 4.5 pm. The contact layer 

20 48 is made of Si doped GaAs and its thickness is 50 nm. 

The surface of the contact layer 48 is formed with an upper 
electrode 49. The upper electrode 49 is formed by vapor depositing a Ge film 
and an Au film and thereafter performing an alloying process. The back surface 
of the substrate 40 is formed with a lower electrode 50 made of AuZn alloy. 

25 After this lamination structure is formed, a dicing process and a 
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bonding process are performed. Each die is mounted on a stem to finish a light 
emitting diode. 

Fig. 22 shows the orientation of the principal surface of the 
substrate, the In composition ratio and thickness of the InGaAs strain quantum 
5 well layer 44, the EL intensity, the half band width of the EL spectrum and the 
cutoff frequency, respectively of each of samples W to Z manufactured for the 
fourth embodiment. 

Fig. 23 shows spectra of normalized EL intensities when a current 
of 50 mA is flowed through the samples W to Z. The abscissa represents a 

1 0 wavelength in the unit of "nm" and the ordinate represents a normalized EL 

intensity having the largest EL intensity set to "1". If the In composition ratio of 
the strain quantum well layer 44 is 0.12, the EL performance approximately equal 
to that when the GaAs substrate having the (100) just plane is used can be 
obtained even if the GaAs substrate having a principal surface inclined by 5° from 

1 5 the (100) plane is used, as seen from the measurement results of the samples W 
and X. The EL performance equal to that when the substrate having the (100) 
just plane is used can be expected if the plane has an inclination angle of 5° or 
smaller relative to the (100) plane. 

As seem from the measurement results of the samples Y and Z, if 

20 the In composition ratio of the strain quantum well layer 44 is 0.25, the EL output 
lowers and the half wave width of the spectrum becomes wider when the GaAs 
substrate having the principal surface inclined from the (100) plane is used, as 
compared to those when the substrate having the (100) just plane is used. 
Therefore, if the In composition ratio is set larger than 0.12, it is preferable to use 

25 the substrate having the (100) just plane. In this case, if the In composition ratio 
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is 0.25 or smaller, an expected EL performance can be obtained. 

There was no significant difference between cutoff frequencies 
depending upon the orientation of the principal surface of a substrate. 

Fig. 24 shows the relation between a cutoff frequency and an In 
5 composition ratio of the strain quantum well layer, respectively of the light 

emitting diode having the structure shown in Fig. 21. The abscissa represents 
the In composition ratio and the ordinate represents a cutoff frequency in the unit 
of "MHz". It can be seen that as the In composition ratio increases, the cutoff 
frequency becomes high. 

10 In order to raise the cutoff frequency of a semiconductor light 

emitting device having an InGaAs strain quantum well layer, it is effective to 
make large the In composition ratio of the strain quantum well layer. However, 
as in the embodiments described above, it is difficult to grow an InGaAs layer 
having a large In composition ratio and a good quality on a GaAs substrate 

1 5 having a principal surface inclined from the (1 00) plane. An InGaAs layer having 
a good quality can be formed by matching the orientation of the principal surface 
of a substrate and the In composition ratio of a strain quantum well layer, with the 
preferable conditions determined from the evaluations of the second to fourth 
embodiments. 

20 In the second to fourth embodiments, GaAs is used as the 

substrate material. Similar to the first embodiment using the AIGaAs substrate, 
the cutoff frequency can be improved by adopting the preferred constituent 
conditions of the clad layer, carrier confinement layer and strain quantum well 
layer of a semiconductor light emitting device. 

25 The preferred orientation of a substrate and the preferred In 
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composition ratio of a strain quantum well layer described with reference to the 
second to fourth embodiments are expected to be applied to the case that a 
substrate made of group lll-V compound semiconductor (including mixed crystal 
semiconductor such as AIGaAs) is used. In the second to fourth embodiments, 
5 although the strain quantum well layer is made of InGaAs, the preferred 
orientation of a substrate and the preferred In composition ratio of a strain 
quantum well layer are expected to be applied to group lll-V mixed crystal 
semiconductor containing In, such as InGaAIAs. 

The present invention has been described in connection with the 
1 0 preferred embodiments. The invention is not limited only to the above 
embodiments. It is apparent that various modifications, improvements, 
combinations, and the like can be made by those skilled in the art. 
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